Abstract Friction between skis and snow was studied in a variety of field and laboratory measurements. Whilst field tests have the drawback of changing conditions, in laboratory tests sport-specific sample sizes and speeds could not be measured up to now. Hence, a novel linear tribometer was developed allowing studies with whole skis at sportspecific speeds. The precision of the tribometer was better than 2.2 %. The dominant cause for the imprecision was the variability of the single snow tracks at lower speed, whilst at higher speeds also the determination of normal and friction force and speed became relevant. The precision is high enough for discriminating differences needed for the analysis of different ski and snow conditions and the study of friction processes.
Introduction
The friction of skis on snow is influenced by a variety of factors, e.g. speed, contact area, snow type (temperature, liquid water content, hardness, texture) and ski properties (stiffness, thermal conductivity, base material, base roughness) [1] . The low friction on snow is caused by meltwater lubrication due to frictional heating [2] . In the absence of the water film, friction is supposed to be highest, and with an optimal film thickness, a minimal friction force occurs [3, 4] . The generation of frictional heat was estimated [5] , modelled [6, 7] and measured [6, 8, 9] . The liquid water film was studied in laboratory [10, 11] and in the field [12] . Regarding the length of skis, it is very likely that friction mechanisms change along the ski base. In the region of the ski shovel, dry friction is supposed to dominate [6] . The resulting frictional heat melts the uppermost snow surface to provide lubrication for the succeeding slider sections.
Fundamental knowledge of friction on snow and ice was mainly derived from laboratory measurements. The measurement systems can be divided into two groups: linear and rotational tribometers. In the first group, probes are linearly moved on a snow or ice surface or vice versa (e.g. [13] ). Speeds up to 0.5 ms -1 [14] and samples of maximum sizes of 150 mm 9 100 mm [13] were investigated. The second group comprises rotational systems [9, 11, [15] [16] [17] [18] . Most of them applied the ''pin-on-disc'' setup, where a pin is held stationary over a rotating disc. The highest velocities with up to 20 ms -1 were reached on ice by Bäurle et al. [19] . Sample sizes on these tribometers were limited to 70 mm 9 200 mm [16] , 100 mm 9 55 mm [18] , 40 mm 9 40 mm [9] and 10 mm 9 10 mm [11] . The limitations of the existing tribometers are imposed by their construction. In pin-on-disc setups, discs covered with ice or snow are rotating. By the repeated contact of the probe with the snow or ice on each rotation, temperature and water film can subsequently build up and the snow surface is polished with each passage of the probe. With increasing disc velocity, centrifugal forces may alter the snow surface and the water film [18] . Due to the size limitation of the samples, friction along the ski cannot be considered. Lifelike velocities and the diversity of outdoor snow are additional unmet demands of tribometer experiments.
Reams of field tests with skiers on gliding tracks are carried out every year to find fast skis or ski preparations for competitions. These tests offer valuable indication on friction optimisation. Regrettably, they are impaired by changing environmental conditions and variations in the skier's motion. To determine snow friction from field tests, air and gliding resistance would have to be separated which constitutes a major problem, especially when measuring at high speeds where drag is overwhelming. In addition, the conduction of outdoor tests is time-consuming and cumbersome. As these field tests provide proprietary information for companies and national ski federations, only few measurements have been published [1, 20, 21] .
The limitations of field tests as well as the limitations of the currently used laboratory devices led to the development of a novel tribometer. The purpose of this paper was to describe the novel tribometer and its measurement precision.
Method

Tribometer
The linear-type tribometer ( Fig. 1) consists of guiding rail (c), carriage (a) and trough for snow or ice (b). The carriage runs on the guiding rail on four rollers (FR 20, Güdel AG, Switzerland). It is pulled via light fibre cables (Vectran 3000, FSE Robline, Czech Republic) by a high torque electric motor (DST2-135BO54W-150-5, Baumüller, Austria). Carriage's speed can be set between 0.1 and 30 ms -1 . The runway of the carriage is 24 m long and is divided into an acceleration, measurement and deceleration section. The length of the acceleration section varies from 1 to 7 m depending on the measurement speed. The subsequent measurement section extends up to maximum of 18 m, and in the last section, the carriage is stopped. Depending on speed, the carriage is decelerated by either the electric motor (\20 ms -1 ) or an eddy current brake (C20 ms -1 ). The trough for snow or ice can be moved laterally in order to allow several runs on a fresh snow surface.
On the carriage (Fig. 2) , two parallel vertical, springloaded (a) bars are mounted which allow the variation of the vertical force between 50 and 700 N. transmitted wirelessly (NI cDAQ-9191, National Instruments, USA) to the control room. The tribometer is located in a cooling chamber with a lower air temperature limit of -20°C.
Determination of the Coefficient of Friction (CoF)
For a single measurement run, the carriage with the mounted ski is placed on the snow surface at the start position and the vertical force is applied by loading the springs. Then, the carriage is accelerated to the target speed and passes the measurement section. After the deceleration, the carriage automatically moves back to the start at a speed of 1 ms -1 . The horizontal and vertical forces are recorded for the whole run. During initial acceleration, friction force and the inertia forces of slide, boot adapter, binding and ski act on the horizontal load cell. In the subsequent measurement section, small variations of the carriage speed v c occur due to the preceding acceleration and the elasticity of the fibre cables (Fig. 3 ). Horizontal and vertical forces are low-pass filtered by a Butterworth filter, cut-off frequency of 15 Hz. The standard deviation of the filtered vertical force data was 0.7 % of their arithmetic means in the measurement section. Figure 4a shows the filtered horizontal force F h for one measurement. In Fig. 4b , the horizontal force in the measurement section is given at higher vertical resolution.
The measured horizontal force is composed of friction force F f , inertia force F i due to speed variations and air drag F d . The inertia force F i is calculated by
with the mass of the probe m p , the mass of the lower carriage, boot adapter and binding m cbb , and the acceleration of the carriage a c . Carriage speed v c and carriage acceleration a c are determined by the first and second derivatives of the carriage position s c , respectively. Air drag F d is calculated according to:
The drag area c d A was experimentally determined by measuring the resistance force of a flat ski without snow contact with the tribometer c d A = 5.15 9 10 -3 m 2 . Figure 5 shows friction force F f , inertia force F i , air drag F d and the vertical forces F S1 and F S2 . The strong variations of F i are not caused by measurement noise but by real inertia forces due to small variations of the carriage speed. The variance in F h (Fig. 4b ) is mainly caused by F i variations, and thus, the course of F f is much smoother than one would expect from the raw measurement data.
The friction force F f is calculated by
For the measurement section (shaded area), the arithmetic mean F f of the friction force F f was calculated.
The normal force F N is given by
with the vertical spring forces F S1 and F S2 plus the weight of the measurement system with vertical bars and binding m msb and mass of the probe m p . For the measurement section, the arithmetic mean F N of the normal force F N was calculated.
The CoF (l) is obtained by
Precision Measurements
Snow Surface Preparation
The snow was produced in a dedicated cooling chamber. A mixture of water (T = 1°C) and air generated by an electric water pump (p = 5.5 bar) and an air compressor (p = 4.2 bar) was sprayed into the air through two nozzles (inner diameter 1.8 mm, Sufag, Austria). The snow was produced batchwise at an air temperature between -18 and -15°C. The snow surface was prepared in the 24-m-long, 0.8-m-wide and 0.28-m-deep trough. It was sieved, distributed manually and then levelled evenly with a stainless steel blade fixed to a trolley that rolls on rails on both sides of the trough. Overnight the snow sintered at test conditions and hence snow hardness increased. Cooling coils positioned at the bottom of the trough were used to control snow temperature. The snow conditions were kept constant during the tests: snow temperature -5.1 ± 0.5°C, snow density 486 ± 17 kg m -3 , diameter of the snow grains 0.18 ± 0.1 mm and free water content of 17 ± 3 % (determined by a snow moisture metre Hygro 011, Doser Messtechnik, Kempten, Germany). 
Ski Surface Preparation
A cross-country skating ski (RCS cold, 192 cm, Fischer, Austria) was used for all tests. The base was prepared by stone grinding. Roughness profiles of the ski base surface were measured before the measurements using a 3D focus variation microscope (InfiniteFocus G4, Alicona Imaging, Austria). The profiles were determined for six randomly chosen lines perpendicular to the ski running direction. Roughness parameters arithmetical mean roughness R a , mean roughness depth R z , and maximum height roughness R max were calculated according to DIN EN ISO 4287 ( Table 1 ). The ski was waxed with a common training wax (HWK K1, HWK-Kronbichler GmbH, Austria) and brushed before each measurement series.
Measurement Series
The analysis of the overall precision of the tribometer is divided into two parts: effects of variations of different snow tracks and of skis despite the same preparation on the precision and effects of the precision of the forcedisplacement measurement unit. This precision is only affected by the measurement errors of the load cells and the position sensor and by the measurement arrangement. The surfaces of ski and snow gradually change during a measurement series due to a variety of mechanisms as abrasion or friction melting of the snow surface. To account for these circumstances, a single measurement series consisted of 50 consecutive runs on the same snow track. First, five such test series were carried out at constant speed on different snow tracks. Each series consisting of 50 consecutive runs started on a fresh snow track. For all series, speed was set to 6 ms -1 and vertical force to 400 N. In the initial runs from 1 to 10, the CoF varied strongly and hence only Horizontal force Horizontal force the runs from 11 to 50 were analysed. To account for the successive alteration of ski and snow surface, the measured CoF of the runs 11-50 was first approximated by least square polynomial fits of first to fourth order. The CoF varied by less than 2 % between the different fits, and thus, finally the least square line was chosen. Under the assumption that the least square fit describes the effect of altering surfaces of ski and snow, the difference between the values of the linear fit and the measured values is supposed to be independent of the change in the surfaces and thus is attributed to the force-displacement measurement unit. In a second step, series of 50 consecutive runs were conducted at the speeds of 2, 4, 6, 8 and 10 ms -1 at otherwise same conditions as in the first measurements. Each series started on a fresh snow track. The trend of the CoF from runs 11 to 50 was approximated by a least square line.
Precision of the Tribometer
For every run i of the runs 11-50, standard deviation r i and relative standard deviation e i of the five measurement series on different snow tracks under unvaried conditions were determined. The standard deviation r i was calculated from the five CoF values l j,i (j = 1-5) of the run i and the arithmetic mean of these five values l i with
The relative standard deviation e i was calculated by e i ¼ r i =l i . Standard deviations r i and relative standard deviations e i were taken as measure for the overall precision of the tribometer.
Precision of the Force-Displacement Measurement Unit
To determine the effect of the precision of the force-displacement measurement unit on the tribometer precision, the differences of measured values and the associated least square line of one series were analysed. r mu of one series is calculated by
where l i is the CoF of the ith run and l i fit is the value of the associated least square line of the same ith run. For the relative standard deviation e mu , the standard deviation r mu was related to the arithmetic mean l of the CoF of runs 11-50. Standard deviations r mu and relative standard deviations e mu were taken as measure for the precision of the force-displacement measurement unit.
Effect of Snow and Ski Surface on the Precision
To assess the influence of variations of the snow and ski surface e ss on the CoF precision despite the same preparation, only variations of the least square lines obtained at 6 ms -1 and thus without the effects of the force-displacement unit were considered. The standard deviation between the single least square lines was determined with the standard deviation r ss;i of the values of the five lines for every run.
where l j,i is the CoF value of the ith run of the regression line of the jth measurement series and l i fit is the average CoF value of the ith run of all five regression lines.
For the relative standard deviation e ss,i , the standard deviation r ss;i was related to the arithmetic mean of the CoF of the single least square lines for each single run ið l ifit Þ. The relative standard deviation e ss;i was taken as measure for the measurement precision influence of the different snow tracks and ski surfaces.
Results
Measurement Series
In Fig. 6 , the CoF progressions of 50 consecutive runs on five different snow tracks are presented. All series started with low CoF and increased up to runs 8-11. Subsequently, the CoF decreased gradually. In the run-in phase, the trend of the series was not uniform and became linear after run 10. Figure 7 shows five progressions of the CoF of 50 consecutive runs on the same snow track with least square lines from runs 11 to 50 at the tested speeds of 2, 4, 6, 8 and 10 ms -1 . During the first 10 runs, there was a considerable change in the CoF especially at higher speeds. In the following runs, the CoF stayed constant at the lower speeds of 2 and 4 ms -1 and showed an increasing negative trend with increasing speeds. Figure 8 shows the relative standard deviations of the measured CoF and those calculated from the least square lines between the five series for the runs 11-50. During the test series, the relative standard deviations of the measured Tribol Lett (2016) CoF e i were between 0.95 and 2.2 % and showed an increasing trend. The average of the runs 11-30 was 1.35 %.
Precision of the Tribometer
Precision of the Force-Displacement Measurement Unit
In Table 2 , standard deviations r and relative standard deviations e of the differences between the measured CoF and the least square fit of the CoF are given. With the exception of the lowest speed of 2 ms -1 , the relative standard deviation increased with increasing speed from 0.35 % at 4 ms -1 to 1.24 % at 10 ms -1 ( Table 2 ). The given standard and relative standard deviations correspond to r mu and e mu .
Effect of Snow and Ski Surface on the Precision
The relative standard deviations of the least square lines e ss;i (Fig. 8, dotted line) increased linearly from 1.2 to 2.15 % during the test series and were only slightly lower than the e ss (Fig. 8, dashed line) .
Discussion
A novel tribometer was developed which allows snow friction measurements of whole skis under ski specific load and speed conditions. In this study, the tribometer was described in detail, and its precision was determined. Differences between measured values and their true values are denoted by accuracy. True values are usually approximated by established measurement devices with high accuracy (reference measurement). Since for snow friction no reference measurement is available, the dispersion of the CoF was determined in repeated measurements. This dispersion is in general referred to as precision or also repeatability.
During multiple runs on the same track, the snow surface is subject to abrasion, melting and refreezing of water. The effective contact area between ski and snow was found to increase to nearly 50 % after several ski passes on the same track [22] . Changes in the size of the contact area and roughness of the contacting snow surface affect friction [3, 7] . To account for progressive changes in the surface, the measurements were taken in series of 50 consecutive runs on the same snow track. Since there were strong variations of the CoF during the first 10 repetitions likely due to changes in the snow surface, precision was calculated for the runs 11-50. The relative standard deviations (RSD) for each run from 11 to 50 of the five measurement series were taken as measure for the overall precision of the tribometer. The overall precision was between 0.9 and 2.2 % at the measured speed of 6 ms -1 tending to increase with increasing run number. The average RSD of the first 20 runs after the run-in was 1.35 %. These results suggest that after an initial run-in of 10 repetitions a series of 20 consecutive runs provides acceptable precision. The accomplished precision is sufficient to discriminate differences due to different ski bases, waxes or snow conditions and to study friction mechanisms. The overall precision of the tribometer was subdivided into effects due to variations of snow and ski and the precision of the force-speed measurement unit. Since the progressive change in the snow surface is a continuous and smooth process, the precision of the force-speed measurement was expressed by the deviations between measured CoF and their least square fit. Five different measurement speeds were analysed. The precision of the measurement unit was speed dependent with an increase from 0.35 % at 4 ms -1 to 1.24 % at 10 ms -1 . Causes for the speed dependency are as follows. With increasing speed, the acceleration section on the tribometer increases causing the measurement section to shorten. Moreover, due to the higher speed the time for passing the measurement section is reduced. These result in measurement times of 7.4 s at 2 ms -1 and 1.1 s at 10 m -1 . Averages over longer measurement times enhance the filtering of noise and acceleration-induced vibrations. The carriage is subject to high forces especially when measuring at high speeds. These forces generate vibrations and deformations of the measuring components and thus errors in the measurements. The carriage speed is used for calculating the inertia force of the sample plus binding, which is a component of the measured horizontal force. Errors in the measurement of forces and the calculation of the inertia force directly affect the CoF.
Changes in the contacting surfaces caused by the repeated runs on the same track were approximated by least square fits of the CoF. The least square lines of five measurement series on different snow tracks at a speed of 6 ms -1 were compared in order to assess the effect of different snow tracks and ski surface variations on precision. From run 11 to run 50, the RSD strictly increased from 1.18 to 2.15 % at the analysed speed of 6 ms -1 . These deviations must be caused by differences between the five snow tracks and the ski waxing. Despite intense efforts to standardise snow production and preparation of the snow runway, the snow surface likely was not completely homogeneous. Skis were waxed in a standardised way; however, small differences in the preparation may have occurred. The increase in the RSD with increasing repetitions suggests that the inhomogeneity of the snow surface tends to get larger with ongoing wear. At the speed of 6 ms -1 , the effect of differences between the snow tracks and ski preparation of 2.15 % accounted for the major part of the overall precision which was determined with 2.2 %.
The conducted experiments revealed that the contacting surfaces are continuously subjected to alterations during friction measurements. There was almost no change in the CoF with increasing run number at speeds below 6 ms -1 . At the higher speeds of 6, 8 and 10 ms -1 , the CoF decreased with increasing run number whilst the decrease increased with increasing speed. This may be attributed to the increasing friction power with increasing speed. At lower speeds, the heat generated by the friction process may not be sufficient for a substantial change in the snow surface. With increasing friction power, the surfaces are continuously modified by frictional melting causing the CoF to drop. The linear decrease from runs 11 to 50 suggests that the final state of the surface modification was not yet reached.
Friction increased with increasing speed which is in agreement with other measurements at similar snow conditions [23, 24] . Figure 8 shows the CoF as function of the speed for the runs 11 and 50. Whilst at run 11 the relation is linear, the last run is best approximated by the exponential function: l = 0.0186 v 0.44 . Table 3 shows the coefficients of determination (R 2 ) of the linear and the exponential fit and the coefficients with standard errors (SE).
Oksanen et al. [25] on ice found a speed dependence of the CoF proportional to v 0.5 at -1°C. This suggests that, due to wear by the repeatedly passing ski, the snow surface gets more and more polished and hence similar to an ice surface. The wear and polishing effect is most pronounced at the higher speeds of 6 ms -1 and beyond (Fig. 9 ). Concluding it can be stated that the linear tribometer is a precise tool to analyse friction on snow or ice with sportspecific samples and speeds. The dominant cause for the imprecision at lower speed is the variability of the snow tracks, whilst at higher speeds also the measurements of forces and speed become relevant. The precision is high enough for discriminating differences needed for the assessment of different ski and snow conditions and the study of friction processes. For an understanding of the underlying mechanisms, nonetheless additional data such as the thickness of the water film or the temperatures of the materials and simulations regarding thermodynamics, fluid dynamics and characterisation of the surfaces will be necessary. ) of the fits of run 11 and run 50 and coefficients with standard error (SE) 
